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This paper presents a single-phase grid-connected photovoltaic system with 
direct control of active and reactive power through a power management 
system of a Photovoltaic inverter. The proposed control algorithm is 
designed to allow maximum utilization of the inverter’s available KVA 
capacity while maintaining grid power factor and current total harmonic 
distortion (THD) requirements within the grid standards. To reduce the 
complexity and improve the efficiency of the system, two independent PI 
controllers are implemented to control single-phase unipolar PWM voltage 
source inverter. One controller is used to control the power angle, and hence 
the active power flow, while the other controller is used to control the 
reactive power, and consequently the power factor by adjusting the voltage 
modulation index of the inverter. The proposed system is modelled and 
simulated using MATLAB/Simulink. The PV inverter has been examined 
while being simultaneously connected to grid and local load. Results 
obtained showed the ability of the PV inverter to manage the active and 
reactive power flow at, and below rated levels of solar irradiances; resulting 
in an increased inverter utilization factor, and enhanced power quality. The 
proposed system, was capable of operating at power factors in the range of 
0.9 lead or lag for reactive power compensation purposes and delivered its 
power at a wide range of solar irradiance variations. 
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1. INTRODUCTION 


Distributed generation (DG) systems that depend on renewable energy sources have been gaining an 
increased interest as alternative sources of energy to power small residential and medium commercial 
installations. The operation of DG systems to supply power to local loads and in grid-connected manner 
provides a number of advantages, such as: the possibility of generating power closer to consumers leads to 
reduced power losses, increased voltage levels, improved reliability, and others [1], [2]. Therefore, the 
integration of DG systems (wind, solar) in distribution networks has increased rapidly and has attracted 
significant attention in recent years. Among the various DG systems, photovoltaic (PV) energy is one of the 
most popular renewable energy sources since; it is clean, inexhaustible, requires little maintenance, offers 
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flexibility of installation (rooftop), and its cost is decreasing [3], [4]. Topologies, control strategies, and 
operational objectives of grid-connected PV systems for efficient operations are discussed in details by many 
researchers in literature [5]-[8]. Voltage Source Inverter (VSI) for single-phase PV grid-tied system is found 
to be one of the preferrable methods of integrating or interfacing small ratings PV units (power output under 
10kW) into the grid [5], [9], [10]. 

Although integrating single-phase PV systems with the grid has its advantages and has been on the 
rise due to governments support and its economic benefits, nonetheless; the widespread of PV systems poses 
more challenging issues for the distribution system operator and the entire grid [11]. The drawback of grid- 
tied PV systems is that with the use of inverters as an interface, it leads to many problems regarding the 
safety, efficiency of the grid, stability (including voltage and frequency stability), increased level of 
harmonics, and poor power factor of the entire system [12]. Therefore, specific grid requirements regarding 
the penetration of grid-connected PV systems in low voltage networks have been put forward as outlined in 
EN 50160 and IEEE1547 standards. Those standards specify that grid-connected PV systems must comply 
with: the levels of Total Harmonic Distortion (THD), power factor, level of injected DC current, and voltage 
and frequency range [3], [11], [13]. 

To find solutions to overcome the challenges associated with grid-connected PV systems, 
researchers proposed various techniques and solutions concerning issues such as: efficient implementation of 
Maximum Power Point Tracking (MPPT) algorithms with the aim to supply maximum active power to the 
grid [10], [14]; synchronization with grid and estimation of grid frequency in single phase PV systems [15]- 
[17]; and applications of advanced control techniques to regulate active and reactive power flow to grid [18]- 
[21]. However, most of the work presented in literature did not address in details the different scenarios of 
power flow in a grid-connected PV system while being simultaneously connected to a local load, and 
operating at different levels of solar irradiances. 

In this work, an Inverter Power Management System (IPMS) for a grid-connected PV system is 
developed. The main contribution of this paper is the development of an IPMS that regulates the power flow 
between the grid and the PV system in the presence, or absence of local loads while taking into consideration 
the operation at different levels of solar irradiances. The IPMS developed in this paper has also been tasked 
to regulate the amount of reactive power to be injected or absorbed by the inverter in order to meet grid 
standards in terms of power factor and current THD requirements. 

The work presented in this paper is organized as follows: Section 2 presents research method and 
theoretical background of the proposed system, Section 3 presents the simulation results (using 
MATLAB/Simulink) of the system under investigation, and lastly, the conclusion of the system performance 
is presented in section 4. 


2. RESEARCH METHOD 

Figure 1 shows the topology of the PV grid-connected converter system considered in this work. It 
includes a single-phase inverter (with unipolar PWM switching) fed by PV system, an LCL filter, a local 
load, utility grid equivalent model, and the inverter control unit embedded in the IPMS. 


2.1. The power calculator and MPPT algorithm 

In Figure 1, the reference power (P*) represents the amount of power available from PV panels, and 
it is calculated using Maximum Power Point Tracking (MPPT) when the system is operating with no reactive 
power compensation, i.e. at unity power factor. The active and reactive powers (PQ) calculator will examine 
the reactive power compensation requirements by the grid and the load; and if there is a reactive power 
demand (i.e. Q # 0), then the VA capacity of the inverter together with the power factor requirements will 
determine the amount of real power supplied to the grid and load. Derating of real power may become a 
requirement if the VA capacity of the inverter is exceeded. On the other hand, if there is no reactive power 
compensation requirement (i.e. Q = 0), then MPPT operation is maintained. In either case, if P*exceeds the 
local load power demands (P,), then the balance power will be injected into the grid (P}). 

The amount of grid injected power (P}) will be compared with half the rated power of the 
inverter(0.5P,ateq), and if P) > 0.5P,areq, then reactive power compensation might become a requirement as 
in IEC61727 standards [6]. Therefore, in the proposed PQ calculator the amount of power supplied by the 
converter can be optionally adjusted (according to grid conditions e.g. voltage and frequency) to allow 
reactive power injection, if required. The amounts of active and reactive power supplied to grid are controlled 
to satisfy the power factor constraints mandated by grid standards. At all the times, the PQ calculator will 
ascertain that total apparent power supplied to the load and the grid doesn’t exceed the inverter’s rating in 
accordance with (1): 
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Sin = S; + Sy (1) 


Where Sin is the inverter available VA capacity, Sı = 4 PË + Q?: is the load VA demand, and Sg = 


yP? + QZ: is surplus VA supplied to the grid. For example, to maintain the grid power factor at 0.9 
when P} > 0.5P-ateq, and while reactive power compensation is required, then: 


Qj = 0.484P; (2) 


Where Pý and Q% are respectively, the commanded grid active and reactive powers, Therefore, the 
amount of active power to be delivered to the grid can be adjusted or de-rated (considering the inverter’s VA 
rating, S;ateq) as, 


PMPP- [PP +0? 
p; = MPP | Pi tQ] (3) 
V1.234 


Where Pupp is the maximum power available from the PV system. Based on (2) and (3), the 
inverter’s commanded input active power(P;,,) and reactive power (Qn) are determined as, 


Pt, = P+ P? (4) 


Qin = Q ER (5) 
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Figure 1. Structure of the proposed single-phase grid-connected PV system 


On the other hand, if the amount of power supplied to the grid is less than the inverter’s half 
capacity i.e. P} < 0.5P,areq, then the reactive power compensation is turned off, and the amount of reactive 
power supplied by the inverter is only limited to meet the local load demands. Note that the grid reactive 
power compensation can be optionally set to zero (Q3 = 0), even when P} > 0.5P,qteq, and this corresponds 
to Pf = Pupp in case of MPPT operation is required. 
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To guarantee that maximum power is being extracted from a PV array and transferred to grid/ load 
system at all times, MPPT control algorithms are usually used for this purpose. In recent years, a large 
number of MPPT techniques have been proposed for tracking the maximum power point. Proposed 
techniques vary in terms of complexity, accuracy, efficiency, and hardware requirements. Classical MPPT 
techniques such as; Perturb and Observe (P&O), Incremental Conductance (IC), and Ripple Correlation (RC) 
methods are deemed to be suitable and practical [22]. A comprehensive evaluation of MPPT under the EN 
50530 dynamic test procedure can be found in [23]. 

In this study, P&O technique is used to the track the maximum power point of a PV array. The array 
used in this study is conFigured using one parallel string with 14 series-connected modules per string. The I- 
V and P-V characteristics of the PV array for different levels of solar irradiance and under a constant 
temperature of 25°C are shown in Figures 2(a) and 2(b), respectively. 
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Figure 2. Photovoltaic array characteristics: (a) I-V characteristics for varying irradiance (b) P-V 
characteristics for varying irradiance 


The MPPT will be maintained for unity PF operation, however, if the reactive power compensation 
is required, then the total apparent power (VA) demand is examined to ensure that it doesn’t exceed the 
inverter’s rating. In case the VA demands exceed the inverter’s ratings, the maximum power point operation 
is de-rated as in (3) and the MPPT algorithm is disabled; otherwise operation is maintained at MPPT. It has 
to be emphasized that that derating will only occur if the PV array is subjected to maximum solar irradiance, 
and thus the inverter is operating near full capacity. Researchers in [24] proposed an advanced Power 
Reserve Control (PRC) that enables the PV system to operate at point with a curtailed power level in order to 
realize potential grid support. 

Figure 3 show the Simulink implementation of the MPPT using P&O technique and the DC link 
voltage regulator. The reference voltage for the DC link voltage can either be obtained from the P&O 
algorithm for operation at MPPT, or from a predetermined fixed DC reference value for de-rating of the PV 
power. The DC link voltage regulator is a PI regulator with parameter Kppc = 200, and King = 12. 
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Figure 3. Simulink implementation of MPPT and DC link voltage controller 


2.2. Power angle (ò) regulator 
The active power from the inverter to the grid in steady state (with inductor resistances ignored) is 
given as [13], 


Ys c ~ Viva 
P= z= sin(6) = a 8 (6) 


Where V; and V; are respectively the peak voltage of inverter and grid, X; is the reactance of the line 
total inductance, ô is the power angle and for small ô, sin(d) ~ 6. The inverter power angle is adjusted using 
a PI regulator that operates on the error between the reference power (P,¢f) and the inverter’s output 
power(P,). The DC link current is filtered and regulated by controlling the power angle (6) to track the 
reference power command as shown in Figure 4. 





P- (vaid Vgig)/2 
Figure 4. Power angle regulator. 


With the assumption that the inverter is lossless, the instantaneous power balance at the input and 
output sides of the inverter can be expressed as, 


Poc(t) = pac (t) (7) 


Where ppc (t) and pyc (t) are the inverter’s instantaneous input DC and output AC power. Using the 
space vector representation of the circuit in Figure 5; then (7) can be written as, 


vintin t)+vig tigt) (8) 


Vpc(t)ipc(t) = > 


Where: Vip, Vig and iip, ijg: are respectively, the direct (D) and quadrature (Q) components of the 
inverter voltage and current space vectors. 
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(a) (b) 


Figure 5. Model of space vector representation of grid-connected inverter: (a) Equivalent circuit of grid 
connected inverter, and (b) Space vector representation. 


From Figure 5(a), the state space equations of the inverter voltages and currents can be expressed as, 
vilt) = valt) + ilt) + (P + jw)Liii Ct) (9) 


where p = d/dt (is the differential operator), w is angular frequency of the grid, rg: is the line 
equivalent resistance, L; = Ly + Lg: is the line total inductance, i;(t): is the inverter current vector, Vg (t) and 
vi(t): are respectively the grid and inverter voltage space vectors. The DQ components of the voltages and 
currents can then be obtained as, 


Vip(t) = vgn (t) + (pL; + ty iin (t) — @Lriig lt) (10) 
Vig (t) = Vgq(t) + (PLi + 7g Jiig(t) + Leip (t) (11) 


If the DC link voltage in (8) is assumed to be constant, then (8) can be linearized around an 
operating point as, 


Avip()iipotVipoAlip(t)+AVig(tiigot+VigoAlig(t) 


Aipc(t) a 2Vpc (12) 


If the grid is assumed constant (voltage and frequency), and the inverter voltage is sinusoidal; then 
linearizing (10) and (11) for a small change in the power angle, and substituting in (8) results in a linear 
model that relates the response of the DC-link current to the change in the power angle as given in the 
transfer function in (13), 


Ipc(s) K 
I —— 13 
5(s) (s+ 2? +0? (13) 





2 
io 
2VpcLt 


wV; 





Where, s is the Laplace operator, K = and it depends on the inverter parameters, and V,, is 


the inverter nominal voltage. 


2.3. Reactive power regulator 

The reactive power flow between the inverter and the grid-load system is controlled by regulating 
the inverter output voltage. Again, if the power angle is small, the reactive power flow between the inverter 
and the grid-load system is given as [13], 


Vg (Vjcosé—V, V, 
q = eee ~ 2 (Vy, -%) (14) 

In steady state, from (14), the reactive power flow is related to the voltage difference between the 
inverter and the grid. The reactive power regulation scheme is carried out by regulating the quadrature 
component of the inverter current (ijọ), to track the reference value (tig), which corresponds to (Qref); as 
calculated from the load/grid reactive power demand in (5). The regulator will continuously adjust the 
inverter output voltage by controlling the modulation index (Av;) according to the scheme shown in Figure 6. 
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Qo= Vaid Vaigh/2 


Figure 6. Inverter voltage regulation. 


The reactive power response of the inverter to a change in the inverter output voltage can be written 
in a similar manner as in the previous section. However, this time, taking the instantaneous reactive power of 
the inverter in the DQ reference frame, and linearizing around operating voltage point, the transfer function 
can be written as, 


AQi(s) _ Ky 
AVi(s) (s+ ?+0? 





(5) 





Where K, = 
t 


(used in the inverter power angle and voltage regulation) were obtained using the PI tuner provided by 
Simulink. 


Vi 3 : 
— ~° and it depends on the inverter parameters. The parameters of both PI controllers 


2.4. LCL filter design 

An LCL filter is used to reduce the high-order current harmonics produced by the inverter at 
switching frequency. The LCL filter is designed using the methodology presented in [25]. The maximum 
value of the filter total inductance (Ltfmax) is given as, 


2 


v 
Ltfmax = mF x 10% (16) 


Where f} is the grid frequency, vg: is the grid voltage, and P is the rated power of the inverter. The 
filter total inductance is split into two parts: one at the inverter side (L,;), and the other one at the grid side 
(Lg). The ratio between the two inductors depends on the design parameters such as the harmonic 
attenuation ratio, filter and inverter parameters (filter capacitor, Cf; Switching frequency, fj...) as specified 
in [23]. 


3. RESULTS AND DISCUSSION 

A simulation study using MATLAB/Simulink has been carried out to demonstrate the effectiveness 
of the proposed control scheme in managing active and reactive power flow from PV inverter to the local 
load and grid system. The parameters of the PV inverter system are given in Table 1. Since the solar 
irradiation varies throughout the day; the PV inverter system has been simulated for full and low levels of 
solar irradiance. 


Table1. Secifications adopted for the simulated grid-connected PV-inverter 








Parameter Value Parameter Value 

Inverter rated power (Sarea) 2kVA PWM Switching frequency (f) 10kHz 

Filter inductances (Lj), (Lj) 13.5 mH, 6 mH Grid voltage V,(rms) 230V 

Grid side inductance (Lye) 3mH Grid frequency (fz) 50Hz 

Grid side resistance (r,) 2.5Q Inverter input DC voltage (Vpc) 400V 
Filter capacitor (C) 1.0uF Power angle PI regulator K,, K; 0.002, 2.5 

DC link Capacitor (C4) 2000uF Reactive power PI regulator K,, K; 0.01, 5 





3.1. Full solar irradiance 

In this mode of operation, the inverter system receives the rated power from the PV system, and 
therefore, the inverter can deliver near full or rated power to the grid and/or the local load. Figure 7 shows the 
current, voltage, active and reactive power, and THD of the grid current. Figure 7(a) shows the waveforms 





Direct control of active and reactive power for a grid-connected single-phase ... (Eyad Radwan) 


146 o ISSN: 2088-8694 


for the inverter, grid and load current, and the voltage at the PCC. The subplot in Figure 7(a) shows a 
magnified view of the voltage and current waveforms. The active and reactive power flows are depicted in 
Figure 7(b) and (c) respectively. The PV system is simulated for a total duration of 2 seconds, divided into 5 
intervals (each of 0.4 sec duration) to simulate 5 different operating conditions as explained below: 

Area 1: (0 < t < 0.4s); reactive power compensation is OFF and local load is OFF (disconnected 
from the PCC). In this mode the inverter is supplying its maximum power to the grid, and hence operating at 
unity PF emulating the MPPT operation. In area 1, Figure 7(a) shows that the inverter current is in phase with 
the voltage at the PCC; Figure 7(b) shows maximum real power is being supplied to the grid; and Figure 7(c) 
shows zero reactive power is being delivered to the grid. The analysis of the current THD in Figure 8(a) 
shows that it is still in compliance with various international standards. Area 2: (0.4 < t < 0.8s); reactive 
power compensation is ON (leading PF) and local load is OFF. The reactive power compensation is selected 
to operate the inverter at 0.9 leading PF; thus, inverter is supplying real and reactive power to the grid. It can 
be seen during this mode of operation the inverter’s real power has been de-rated, as in Figure 7(b), to 
accommodate the reactive power supplied to the grid, as in Figure 7(c). 

Area 3: (0.8 < t < 1.2s); reactive power compensation is ON (lagging PF) and local load is OFF. The 
reactive power compensation is selected to operate the inverter at 0.9 lagging PF; thus, the inverter is 
supplying real power and absorbing reactive power. It can be seen during this period of time the inverter has 
de-rated its real output power to allow absorption of reactive power. Area 4: (1.2 < t < 1.6s); reactive power 
compensation is ON and local load is ON. During this period the reactive power compensation will not have 
any effects on the inverter operation since the inverter’s full capacity is being utilized to supply the local load 
demands (active and reactive power) and no power is delivered to the grid. Area 5: (1.6 < t < 2.0s); the 
operation during this time interval is simulated when the inverter is supplying simultaneously the grid and the 
local load. The local load in area 5 is stepped down to approximately half its value in area 4, thus the inverter 
will supply power to the grid and local load simultaneously. Figures. 8(a), 8(b), 8(c), and 8(d) depict the 
THD in the grid current for operation in areas 1, 2, 3 and 5, respectively. The current THD for full irradiation 
level stayed within the prescribed limits by the international standards. 
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Figure 7. Simulation results of grid-connected PV inverter operating under full solar irradiance: (a) Current 
and voltage signals, (b) active power, (c) reactive power 
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Figure 8. Simulation results of grid-connected PV inverter operating under full solar irradiance current THD 
for (a) unity, (b) 0.9 leading, (c) 0.9 lagging PF operation, (d) power supplied to grid and load 
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3.2. Low solar irradiance 

In the second case, the simulation is carried out to resemble a cloudy day or weak solar irradiance as 
depicted in Figure 9. The level of irradiation is set to 40%, thus the inverter is operating below one-half its 
rated capacity. However, since the inverter is operating below one-half the rated capacity, the reactive power 
compensation will have no effects on the inverter power, i.e. no de-rating of the real power and the reactive 
power supplied to the grid is zero. The PV inverter operation has been divided into three areas, such as; 

Area 1: (0 < t< 1.2s); reactive power compensation is ON/OFF and the local load is OFF. During 
this period of time the inverter supplies only real power to the grid; since the power supplied to the grid is 
less than one-half the inverter’s rated capacity, no reactive power is supplied to the grid. Figure 9(a) shows 
that the inverter current waveform is in phase with the voltage at the PCC. The active and reactive power 
flows are shown respectively in Figures 9(b) and 9(c). 

Area 2: (1.2 < t< 1.6s); during this mode, the inverter delivers all its available real power to the 
load, and the grid supplies the balance of the load real power demands. Since the inverter’s capacity is not 
fully utilized, the inverter supplies all the reactive power demanded by the load, and hence the grid will be 
operating at unity PF. Note must be taken that the inverter in this mode is operating at a PF below 0.8; which 
implies that maximum ratio of the reactive power (Vars) to the rated apparent power (VA) should be 100%. 
This also means that a larger cable may need to be sized if it is anticipated that the inverter will be operating 
with a lagging power factor [26]. 

Area 3: (1.6 < t < 2.0s); the operation during this time interval is simulated when the load is being 
supplied simultaneously by both the inverter and the grid since the amount of real power available from the 
PV system is not sufficient to supply the local load power demand. 

Figure 9(d) depicts the THD in the grid current when the PV system is operating at approximately 
40% of its rated capacity. It can be observed that the current THD slightly exceeds the prescribed limits 
(>5%); which is one of the major drawbacks reported for low levels of solar irradiance [27], [28]. 
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Figure 9. Simulation results of grid-connected PV inverter operating under 40% solar irradiance: (a) Current 
and voltage signals, (b) active power, (c) reactive power, current THD for (d) unity PF 40% load operation 
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4. CONCLUSION 

In this study the operation of a single-phase grid-connected PV inverter system has been examined 
while simultaneously being connected to a local load at the PCC. Two simple PI controllers have been used 
to directly regulate inverter’s active and reactive power flow. The inverter has been conFigured to operate 
with a flexible reactive power compensation mode; where real power supplied to the grid, when 50% of the 
rated capacity of the inverter exceeds, can be delivered optionally at unity, 0.9 leading or lagging PF 
operation. This compensation scheme becomes very useful when it is triggered by the voltage level at the 
PCC, or alternatively used to comply with reactive power demands set by the grid operator. 

The simulation results showed that when the solar irradiance is at full level, the THD of the grid- 
injected current conforms to required standards. However, for low levels of solar irradiance, the THD in the 
grid-injected current increases beyond the prescribed limits. This may require grid-connected PV systems 
when injecting power at low level of solar irradiance to either use better filtering techniques or even 
disconnecting the PV system from the grid. An alternative that can be explored in future research is to 
maintain the fundamental component of the grid-injected current at higher values by increasing the amount of 
reactive power injected into the grid. By increasing the fundamental component of the injected current, the 
THD of the current will be reduced (since THD is inversely proportional with fundamental component of the 
current). However, this proposition comes at the expense of operating the grid at lower PF, which has to be 
weighted from economical point of view against the other alternatives (turning off the PV, injecting current 
with higher values of THD, or sizing the cables) when the solar irradiance is at low levels. 
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